Background-In animal models, nutritional deficiency leads to profound qualitative changes in the lung beyond an effect on organ size. Although lung growth is non-isotropic, predictive values for spirometric lung function in children are corrected for height alone. Prediction of lung function should consider isotropic growth and nutritional status concurrently. Aim-To establish whether nutritional status influences lung function following the exclusion of the eVect of isotropic growth. Methods-Nutritional status (weight, body mass index, mid-upper arm circumference, and subscapular and triceps skinfold thicknesses) was assessed, and lung function (forced vital capacity (FVC), forced expiratory volume in one second (FEV 1 ), and peak expiratory flow rate (PEFR)) was measured in 391 healthy school age children with normal respiratory history and examination in a rural setting in West Bengal, India. Results-Lung function normalised for sitting height and stature correlated significantly with indices of nutrition in both sexes. Adding weight as an independent variable to sitting height, new reference prediction equations for FEV 1 , FVC, and PEFR were calculated. Conclusions-Nutritional diVerences influence qualitative aspects of lung development in childhood beyond simple isotropic lung growth. Prediction of lung function must take account of these diVerences if change as a result of disease is to be accurately measured. The identification and correction of relevant dietary deficiencies might help to improve lung function in children.
Lung function measured by spirometry (SLF) is an important surrogate measure in the assessment of childhood respiratory status in health and disease. 1 In order to correct for differences in lung function resulting from growth, SLF in boys or girls is normalised for height.
1-3 However, the postnatal lung demonstrates non-isotropic growth (whereby the size increment in alveolar dimensions is significantly greater in relation to airway dimensions) and human lung volume correlates directly with body weight. [4] [5] [6] Recent animal models show that relatively severe prenatal and postnatal nutritional deficiency profoundly disturbs lung development, resulting in a major qualitative change beyond an eVect on lung size. [7] [8] [9] [10] We hypothesised that similar eVects in man lead to diminished lung function in the undernourished child, beyond a simple eVect on isotropic growth. Such eVects are less likely to manifest in healthy children in the developed world, most of whom are above the international baseline for nutritional status. Hence, we chose a remote rural setting in a developing country for our study.
Methods
The study took place in Kiarana (in the district of Medinipur, about 100 km southwest of Calcutta, West Bengal, India) in a completely isolated rural setting with no electricity or piped water, telecommunication, or tarred road/rail links. The inaccessibility of this village results in the total unavailability of standard formula milk, and the study population was breast fed during infancy (lactation failure is usually managed by wet-nursing). Maternal smoking is very rare, and is unlikely to be a confounder, because families spend almost all their waking hours (and frequently sleep) outdoors, except during the short winter period (late November to January), or if it rains; their mud walled houses have open windows and are well ventilated.
Initially, parents of children (aged 4-16 years) attending the village school were given a questionnaire (adapted ATS-DLD-78-C, and translated into Bengali) to exclude subjects with a history of significant respiratory disease. In summary, the questionnaire identified a study population consisting of children with no history of significant cough or sputum production, wheeze, dyspnoea disproportionate to exertion, or acute chest illness (in the six weeks before our study). Of the 810 questionnaires distributed, 623 were returned. One hundred and fifty one of the children were excluded after reviewing the returned questionnaires because of a history of respiratory illness, and the remaining 472 school children attended Finally, 391 children (246 boys and 145 girls; see table 1 for age group distribution) were selected for the study, and their respective age, height (sitting and standing), indices of nutritional status (weight, mid-upper arm circumference, and subscapular and triceps skinfold thicknesses), and indices of lung function (forced vital capacity (FVC), forced expiratory volume in one second (FEV 1 ), using a portable spirometer, and peak expiratory flow rate (PEFR) were measured for the study population by TJO, in accordance with recommended standards. 12 Ethical approval and support was provided by Dr B G Panda, senior medical practitioner for the village and president of the school governing board.
The suitability of the lung function data (FEV 1 , FVC, and PEFR) for log e transformation to stabilise variance was verified as described previously. 13 The association between lung function and nutritional indicators independent of linear growth was analysed after adjustment for sitting height; these isotropic growth corrected variables are denoted with the subscript "c", such as in ln(FEV 1 ) c and ln(weight) c . This was achieved by calculating partial correlation coeYcients of ln(lung function) and ln(nutrition) with sitting height as the controlled variable. Finally, prediction equations were derived from the multiple regression of each index of lung function on ln(sitting height) and ln(weight). Statistical analyses were performed on Statistical Package for Social Sciences (SPSS). Unless stated otherwise, all results are presented as mean (SD) and considered significant when p < 0.05. In this paper, stature is defined as standing height. Table 2 shows the nutritional status of the study population in relation to healthy British children. Reference data for nutritional status of the local population was not available for comparison. Table 3 shows the partial correlation coeYcients of linear regression analyses between indices of lung function and nutrition, after correction for sitting height (similar results were obtained for stature normalisation, except the R values were lower). The scattergram in fig 1 (ln(FEV 1 ) c v ln(weight) c ) is an illustration of how the data summarised in table 3 was derived, and the subscript "c" denotes correction for sitting height. Weight is the only variable that shows significant correlation with all lung function parameters in both boys and girls, independent of isotropic growth. The multiple regression of ln(FEV 1 ) against ln(weight) and ln(sitting height) results in significant reduction (p < 0.001) in variability, when compared with ln(FEV 1 ) against ln(sitting height) or ln(stature) alone. Similar outcomes were obtained for ln(FVC) and ln(PEFR) in both boys and girls. However, the inclusion of additional variables did not lead to significant improvement in variability (p > 0.05). Thus, the derivation of prediction equations for SLF incorporated transformed data of weight and sitting height (table 3) . Both residuals and antilog of the residuals exhibited consistent normal distributions without skewing; table 4 shows the means and standard deviations of the antilogged residuals, which are the ratios of actual to predicted lung 
Results

Discussion
By demonstrating that lung function normalised for isotropic growth correlates strongly with indices of nutrition in both sexes, we present supportive data from human subjects consistent with the hypothesis, recently generated from animal models, that nutritional deficiency profoundly aVects qualitative aspects of lung development in early life, 7-10 beyond simple changes in organ size. It follows that a malnourished child with lung function significantly below the predicted value (by current clinical models using stature alone) could be diagnosed incorrectly as suVering from serious respiratory disease when the problem is related to nutrition. In the absence of respiratory disease, a typical malnourished boy's "percentage of predicted FEV 1 " would be 73.3% when calculated from British clinical reference values, and 85.5% when using the equation for stature alone derived from our study (appendix). However, with the incorporation of weight and sitting height in our proposed prediction equation for FEV 1 , his computed score would have been 94.3%. Recent findings of Stein et al demonstrate that fetal undernutrition in utero results in changes in lung structure, which in turn lead to chronic airflow obstruction 15 ; it would be interesting, therefore, to investigate whether improved nutrition in early life could enhance lung function prospectively. Because our study was not designed to define the mechanism(s) of impaired lung function in malnutrition, we cannot exclude the possibility that malnutrition causes concomitant respiratory muscle weakness, which in turn may cause impaired eVort.
In deriving our SLF prediction equations, we chose sitting height over stature as the independent variable because the former reflects lung length more accurately, by removing the eVects of any disproportionate growth of trunk to leg. 16 Our data (not shown) confirmed that sitting height, when compared with stature, also correlated better with lung function and weight; this corroborates with the results of Schrader et al. 17 Similar findings favouring the use of sitting height as the predictor variable were reported by Miller et al. 18 The addition of nutritional indices to SLF prediction equations was proposed previously by Cotes and colleagues, whose results showed that the use of fat free mass (or more conveniently, body mass), increased the accuracy of SLF prediction. 19 However, subsequent findings by Kristufek et al using a mathematical construct, indicated that the variable "mass" contributed negligibly in SLF prediction equations in an optimally nourished population. 20 Our findings demonstrate that in the malnourished population, nutritional status definitely influences lung function independent of isotropic growth, and weight represents an important and convenient surrogate marker of nutritional state. Therefore, prediction of lung function in an undernourished child must take into account weight and sitting height, if change as a result of pulmonary disease is to be assessed accurately. The equations presented in this paper achieve this purpose.
SLF performance varies between apparently "healthy, well nourished" ethnic groups and, so far, the reported diVerences have been attributed to anthropological factors; consequently, reference predicted values and equations have been proposed for each group. 2 21 22 To explore the hypothesis that other underlying factors could explain this variation, we have merged data from three studies and of our own to enable us to draw fig 2. It is interesting to note that SLF from Singaporean Chinese children are very similar to the data from white children in Britain, but at least 10% higher than their Malaysian Chinese counterparts at every point on the plot; in addition, lung function data from our study population of Indian children is considerably lower. Because Singaporean Chinese and Malaysian Chinese children are ethnically similar, the observed diVerences in SLF between races cannot be explained on the basis of ethnic anthropometric attributes alone. The per capita Gross Domestic Product (GDP) for Singapore, Great Britain, Malaysia, and India are: US$21 493, US$18 138, US$8763, and US$1280, respectively, and the corresponding average daily calorie intake for each person is 3198, 3149, 2774, and 2243. 23 Thus, a lower per capita GDP is associated with reduced daily calorie intake and with diminished lung function. Based on these observations, we think that it is important to 22 children and data from our study of rural Indian children (derived using stature alone; closed circles). examine the following hypotheses: (1) nutritional diVerences account for variations in SLF between diVerent ethnic groups in the world, and (2) a predictive equation for lung function that accounts for nutritional status beyond isotropic growth is universally valid (that is, for all ethnic groups). We hope that our work will facilitate future international collaboration aiming to address these important issues.
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